Immunolocalization of auxin using a new specific antibody revealed, besides the expected diffuse cytoplasmic signal, enrichments of auxin at end-poles (cross-walls), within endosomes and within nuclei of those root apex cells which accumulate abundant F-actin at their end-poles. In Brefeldin A (BFA) treated roots, a strong auxin signal was scored within BFA-induced compartments of cells having abundant actin and auxin at their end-poles, as well as within adjacent endosomes, but not in other root cells. Importantly, several types of polar auxin transport (PAT) inhibitors exert similar inhibitory effects on endocytosis, vesicle recycling, and on the enrichments of F-actin at the end-poles. These findings indicate that auxin is transported across F-actin-enriched end-poles (synapses) via neurotransmitter-like secretion. This new concept finds genetic support from the semaphore1, rum1 and rum1/lrt1 mutants of maize which are impaired in PAT, endocytosis and vesicle recycling, as well as in recruitment of F-actin and auxin to the auxin transporting end-poles. Although PIN1 localizes abundantly to the end-poles, and they also fail to support the formation of in these mutants affected in PAT, auxin and F-actin are depleted from their end-poles which also fail to support formation of the large BFA-induced compartments.
INTRODUCTION
Polar transcellular auxin transport (PAT) is important for both growth regulation and control of polarity and pattern formation in plants. [1] [2] [3] [4] [5] In the last few years, there has been a dramatic increase in our knowledge on several proteins which are known to be involved in auxin transport, but we still lack information about how exactly auxin moves across cellular boundaries. [4] [5] [6] Rather unexpectedly, putative auxin transporters of the PIN family were shown to accomplish rapid vesicular recycling between the plasma membrane and endosomal compartments in Arabidopsis 7 and in maize 8 cells. There are three classes of inhibitors, differing chemically and in their action mechanisms, which prevent PAT along cell files of plant organs. These include TIBA, NPA and several morphactins all of which effectively inhibit PAT. 9, 10 Unfortunately, it is still unknown how any of these PAT inhibitors act at the cellular level. Recent studies surprisingly revealed that TIBA and NPA act as unspecific inhibitors of endocytosis and vesicle recycling. 11, 12 Here we confirm this feature also for morphactins.
Apparently unrelated to these classical inhibitors of PAT, auxin efflux from cells is also effectively and rapidly inhibited by two other inhibitors that block secretion from eukaryotic cells, monensin and brefeldin A (BFA). [12] [13] [14] [15] For instance, the potent exocytosis inhibitor BFA blocks PAT within a few minutes and also leads to the formation of endosomal BFA compartments, 16 within which recycling molecules of the PAT machinery are entrapped together with cell wall pectins. 12, 17 Importantly, although BFA inhibits PAT very rapidly, 12, 14 nearly two hours of BFA treatment are necessary to remove most, but still not all, of the PIN molecules from the plasma membrane and to trap them within the BFA-induced endocytic compartments. 8, 11, 12, 16 Similarly like cold treatment and depolymerization of the actin cytoskeleton, 7, 11, 16 TIBA and auxin treatments inhibited endocytosis to such an extent that larger BFA-induced compartments could not form in the TIBA/ auxin-BFA double treated cells. 7, 11, 12 Up to now, all published auxin visualization procedures have drawbacks. First of all, auxin antibodies used in these previous studies are not monospecific. Secondly, the crosslinking agent, EDC, used to immobilize the small auxin molecules 3, 18 has drastic effects on F-actin in cells of maize root apices (Supplemental Fig. 1 ). Thus, EDC might alter significantly the localization of other antigens too. In addition, although auxin responsive promoter elements are perfect tools to visualize auxin signaling activities, they are less useful to localize both extra-and intra-cellular auxin as they only show the activity of these diverse auxin responsive promoters. So it is not surprising that the three most often used auxin-responsive promoters (DR5, BA3, GH3) show different, often contrasting, expression patterns. For instance, the DR5 reporter shows maximum activity in the root cap columella and quiescent centre cells, [19] [20] [21] whereas the BA3 has its maximum in root cells embarking on rapid cell elongation [22] [23] [24] (see also Supplemental Fig. 3 ). Moreover, these auxin-responsive promoter reporters are not absolutely specific for IAA. For example, the DR5-reporter is activated by brassinolides as well 25 and, in fact, it requires exposure to brassinolides to reach full activities. 26 Therefore, it is not entirely correct, though often practiced, if the DR5 reporter maximum is interpreted as a so-called 'auxin maximum', implying that it would correspond to the highest amount of free auxin in cells. [19] [20] [21] 27 BFA inhibits PAT rapidly, 14, 15, 28 due to a block in auxin efflux after some 10 minutes. 14, 28 Importantly, wash-out of BFA restores auxin efflux also quite rapidly, within some 20 min. 28 How is it possible that such short treatments with a secretion inhibitor manipulates auxin efflux so rapidly? At these short exposure times, all the necessary proteins of the auxin efflux apparatus are still located at the plasma membrane as their plasma membrane presentation times are typically above ten minutes. 11, 12, 28 Currently, the most accepted model is that PIN proteins show their auxin efflux activity at the plasma membrane. Although this simple model is appealing, it is unable to explain the rapidity with which BFA inhibits polar transport of auxin. 14, 15, 28 As a plausible alternative, a neurotransmitter-like secretory model has been proposed in which auxin is sequestered within endosomes via vesicular transporters and then might be secreted via a BFAsensitive process out of the cells. 4, 29, 30 If PIN proteins had their activities at membranes delimiting vesicles and recycling endosomes, 29, 31 they would enrich these vesicular compartments with IAA. Endosomes and recycling vesicles could fuse with the plasma membrane via a stimulus-activated BFA-sensitive process. 32 This would lead to a secretion of IAA out of cells in a quantal manner, resembling the process of synaptic vesicle secretion. A neurotransmitter-like nature of auxin transport could explain the fast inhibitory effects of BFA on PAT as well as the high PIN1 turnover at the plasma membrane. For this and other compelling reasons, we have recently introduced the term "plant synapse". 29, 33 Our concept would also explain a second mystery 34 concerning Arabidopsis embryos, which generate a so-called auxin maximum at the emerging root pole as well as auxin gradients across the developing embryo. 3, 20 This phenomenon is very difficult to explain by the classical version of the chemiosmotic theory, because it lacks any mechanisms that would restrict the free diffusion of auxin through the cytoplasm, as well as from cell-to-cell by the means of plant plasmodesmata connections. 34, 35 The attractive feature of the neurotransmitter-like mode of auxin transport is that endosomes could both exclude auxin from the plasmodesmata orifices and transport it effectively towards those subcellular sites which are relevant for auxin signalling and transport. For instance towards the nuclei, or for the localized secretion in those cells which are part of the PAT pathway.
For auxin visualization on the cellular level, a specific antibody is the tool of choice. However, all auxin antibodies in use are not specific enough. Here we introduce a new highly specific auxin antibody, recognizing only IAA, which allows us to address critical questions with respect to auxin cell biology. We report here that IAA accumulates at the end-poles and adjacent endosomes only in those root cells which are active in transcellular transport of auxin.
MATERIALS AND METHODS
Plant material and inhibitor treatments. Maize grains (Zea mays L.), Semaphore1, lrt1, rum1 and lrt1-rum1 mutants were soaked for six hours and germinated in well moistened rolls of filter paper for four days in darkness at 20˚C. Young seedlings with straight primary roots, either 50-70 mm long (wildtype, lrt1 and rum1), or 25-60 mm (of the slower growing Semaphore1 and lrt1-rum1) were selected for inhibitor treatments and subsequent immunolabeling studies. Unless stated otherwise, all chemicals were obtained from Sigma Chemicals (St. Louis, MO, USA). For pharmacological experiments, root apices were submerged into appropriate solutions at room temperature. For brefeldin A treatment, we used a 10 -2 M stock solution (made in DMSO) further diluted in distilled water to achieve effective working solution of 10 -4 M immediately before submergence of root apices for ten minutes or two hours. Latrunculin B, NPA, TIBA, Flurenol, Chlorflurenol, Chlorflurenolmethyl and IAA were used at 10 -5 M for two hours.
Immunization schedule and purification of IAA-N-antibodies. The immunization schedule and purification of antibodies are described in details in previous papers. [70] [71] [72] The antibodies have been purified by ammonium sulphate precipitation. However, for the immunocytochemical labeling protein A 73 and IAA-N1-specific Vesicular Neurotransmitter-Like Auxin Transport in Roots affinity chromatography were also used, as described in more details previously. 37, 38 Characterization of antibodies by enzyme-linked immunosorbent assay. The IAA-N1-antibodies were characterized using a modification of the ELISA protocol described by Weiler et al. 74 The microtiterplates (Gama, Ceské Budejovice, Czech Republic) were coated with 150 µl of rabbit antibodies (5 µg.ml -1 50 mM NaHCO 3 , pH 9.6). The wells were washed with distilled water, filled with 200 µl of bovine serum albumin solution (0.04 g.L -1 ) and incubated for 1 h at 25˚C. After decanting and two washes with dist. H 2 O the wells were filled in the following sequence: 50 µl TBS, 50 µl of standard or sample in TBS and 50 µl of IAA-alkaline phosphatase tracer diluted in TBS-bovine serum albumin buffer (0.04 g. L -1 ). Non-specific binding was determined by adding an excess (200 pmol) of a standard; for maximum tracer binding, TBS was used instead of standard. After one minute shaking, the plates were incubated for one hour at 25˚C. The decanted plates were then washed four times with TBS and filled immediately with 150 µl of a p-nitrophenylphosphate solution (1 mg.ml -1 50 mM NaHCO 3 , pH 9.6). The reaction was stopped after one hour incubation at 25˚C by adding 50 µl 3M KOH and the absorbance measured at 405 nm in a Titertek Multiscan MCC 340 (Flow Labs, Irvine, UK). Sigmoidal curves for standards and cross-reacting compounds were linearized by log-logit transformation as follows: logit B/Bo = ln (B/Bo)/(100-B/Bo). 74 Indirect immunofluorescence labeling. Fixation consisted of excising of apical root segments (7 mm) encompassing the major growth zones into 3.7% formaldehyde prepared in stabilizing buffer (SB; 50 mM PIPES, 5 mM MgSO 4 and 5 mM EGTA, pH 6.9) for one hour at room temperature. Following rinsing in SB, the root apices were dehydrated in a graded ethanol series diluted with phosphate buffered saline (PBS). Then they were embedded in Steedman's wax and processed for immunofluorescence (for details see ref. 39 ). To enable efficient penetration of antibodies, sections were dewaxed in absolute ethanol, passed through a graded ethanol series diluted with PBS and then kept in PBS for 20 min. After that the sections were transferred to PBS containing 2% BSA for 15 min at room temperature.
They were then incubated with the following primary antibodies: JIM5 monoclonal antibodies diluted 1:20, anti-RGII polyclonal antibodies 16 diluted 1:100, anti-PIN1 polyclonal antibodies diluted 1:40, anti-IAA polyclonal antibodies diluted 1:20. All primary antibodies were diluted in PBS and the buffers were supplemented with 1% BSA. Sections were incubated in primary antibody for one hour at room temperature. After rinsing in PBS, the sections were incubated for one hour either with FITC/TRITC-conjugated anti-rat IgGs (JIM5), or with anti-rabbit IgGs (Actin, Auxin, PIN1, RGII), each raised in goat and diluted 1:100 in appropriate buffer containing 1% BSA. A further PBS rinse (ten minutes) preceded ten minutes treatment with 0.01% Toluidine Blue to diminished autofluorescence of root tissues. The sections were then mounted using an anti-fade mounting medium containing p-phenylenediamine 39 and examined with an Axiovert 405M inverted microscope (Zeiss, Oberkochen, Germany) equipped with epifluorescence and standard FITC excitation and barrier filters. Identical microscope settings were used to compare the labelings of different treatments. Double immunofluorescence labeling. After the labeling of the IAA with TRITC-conjugated anti-rabbit IgGs preceded a 45 min post fixation with 3.7% formaldehyde prepared in PBS, followed by a second blocking step with PBS containing 2% BSA for 15 min at room temperature. The labeling of PIN1 and JIM5 followed our standard protocol.
Sucrose density gradient, aqueous two-phase system and immunoblotting. Root tissue of four days treated or untreated maize was collected and grinded in TE-buffer: 10 mM TRIS (pH 7.2), 1 mM EDTA and 20% sucrose (w/v), 1 mM DTT and protease inhibitors (we use "Complete, EDTA-free" tablets) at 4˚C. Per 1 g fresh weight 2-3 ml buffer were used. All following working steps were done on ice at 4˚C. The homogenate was cleared by spinning at 2,500 x g for five minutes at 4˚C. The pellet was discarded and the supernatant was split into the cytosolic and microsomal fractions with spinning at 100,000 x g for 45 min at 4˚C. The cytosolic supernatant was discarded and the microsomal pellet was resuspended in 2 ml TE-buffer for the sucrose density gradient or in 330/5 buffer (330 mM Sucrose, 5 mm potassium phosphate (pH 7.8) for the two-phase system. Vesicular Neurotransmitter-Like Auxin Transport in Roots Sucrose density gradient. From 20% to 60% sucrose in TE-buffer a step sucrose gradient was set up with five 2 ml steps. The resuspended microsomal fraction was laid over the gradient. The samples were spun for 18 hours in a SW41 swinging bucket rotor at 35,000 rpm at 4˚C. Twelve 1 ml fractions were collected from the top of the gradient. The sucrose concentration in each fraction was measured by using a refractometer. In addition, the protein concentration of each fraction were measured with the method following Bradford.
Aqeous two-phase system. The aqueous two-phase partitioning method was done according to the batch procedure as described. 75 Phase separations were carried out in a series of 10-g phase systems with a final composition of 6.2% (w/w) dextran T500, 6.2% (w/w) polyethylene glycol 3350, 330 mM sucrose and 5 mm potassium phosphate (pH 7.8), 3 mm KCl and protease inhibitors. Three successive rounds of partitioning yielded the final upper phases and lower phases. The combined upper phase was enriched in plasma membranes vesicles and the lower phase contained intracellular membranes.
The final upper and lower phases were diluted 5-and 10-fold, respectively, in ice-cold Tris-HCl dilution buffer (10 mM, pH 7.4) containing 0.25 M Suc, 3 mM EDTA, 1 mM DTT, 3.6 mM l-Cys, 0.1 mM MgCl and the protease inhibitors. The fractions were centrifuged at 100,000 g for 60 min. The pellets were then resuspended in TE buffer and used for the protein concentration measured with the method following Bradford. All procedures were carried out at 4˚C.
The samples were precipitated with methanol and chloroform. 500 µl of a fraction was combined with 500 µl MetOH and 125 µl chloroform in a eppendorf tube and vortexed. After centrifugation for ten minutes at 13.000 rpm at 4˚C resulted in a two phased sample. The upper phase was discarded. After the addition of 500 µl MetOH, a second centrifugation of ten minutes with 13.000 rpm at 4˚C was done. The resulting pellets had to dry completely and were resuspended in 1x SDS-PAGE sample buffer (final protein concentration of 1 µg per µl). Each sample was loaded onto an 15% SDS-PAGE gel which was blotted onto nitrocellulose.
All working steps of the immunoblotting were done at room temperature. The nitrocellulose was washed in TBS buffer (10 mM TRIS (pH 7.4), 150 mM NaCl) and then blocked with 4% BSA in TBS for one hour. After five minutes washing in TBS, incubation with the first antibodies (1:1000 or 1:2000) in TBS was carried out. The nitrocellulose was washed three times in TBS with 0,05% Tween 20 (TTBS) to get rid of unspecific antibody binding. The secondary antibodies are alkalic phosphatase conjugated and were used 1:10.000 in TBS. After one hour incubation time, a washing with TTBS was repeated three times. The antibody detection was done with BCIP-NPT (Sigma Chemical). The staining was stopped with 1% acetic acid in water.
Real time recordings of auxin uptake into root apices. Real time recordings of auxin uptake into root cells with a vibrating microelectrode system was described in detail previously. 15 Image processing and fluorescence measurements. Image processing was done with Photoshop 7 from Adobe and fluorescence measurement was done with the open source software Image-J (http://rsb.info.nih.gov/ij/).
RESULTS

Preparation and characterization of the IAA-specific antibody.
IAA was coupled to BSA using the Mannich reaction. 36 The immunization schedule and purification of antibodies were done as described previously. 37, 38 All immunized rabbits produced antisera to the IAA-N1-BSA conjugate, but serum titres and affinity of antibodies differed considerably and reflect differences in the responses of the individual animals. Therefore, the IAA antibody was well characterized in ELISA tests for several parameters (Table 1) .
A number of structurally related indoles and IAA metabolites may be present in plant tissues. Antibody specificity is, therefore, a crucial point in the immunocytochemical assay of IAA. The compounds were tested for antibody binding over a range from 0.1 up to 50 nmol per assay. Data for auxins and related compounds producing zero molar cross-reactivities are not shown. Namely, IAA precursors such as tryptophan, tryptamine, tryptophol, indole-3-aldehyde, indole-3-acetonitrile, indole-3-acetamide were not reactive. All IAA conjugates were tested and shown to be inactive. IAA homologues like indole-3-acrylic acid and indole-3-propionic acid were weak competitors with cross-reactivity below 0.25%; significant immunoreaction was achieved only after using 500-times higher concentrations in plant tissues. Of the 25 compounds tested (Table 2) , only α-naphthylacetic acid has relevant reactivity but this compound is a synthetic auxin and does not occur naturally.
Several controls were utilized in order to confirm the specificity of the IAA antibody at the level of immunolabeling: (1) labeling with the preimmune rabbit IgG instead of IAA antibody producing only black images (not shown), (2) labeling with the IAA antibody immunodepleted with an excess of IAA for 24 h (Fig. 1A) , (3) labeling with the IAA antibody incubated with an excess of 2,4D, NAA and IBA for 24 h (Figs. 1B-D) , (4) labeling only with the anti-rabit IgG, omitting the first antibody step producing only black images (not shown). Labelings with the IAA antibody of root apices treated with different concentrations of IAA show corresponding increases in the fluorescence signal (Fig. 1E ). All these cytological controls unequivocally confirmed the specificity of the IAA antibody, as already documented at the biochemical level.
IAA immunolocalization in cells of control, BFA-, IAA-and TIBA-treated root apices. The localization of IAA in untreated maize roots showed that the most prominent signal was scored in cells of the root apex, especially in the transition zone ( Fig. 2A) and in the quiescent centre (Fig. 2B) . In these cells, a prominent auxin signal was visible at the cross-walls (end-poles), (Fig. 2A, D and E) . In BFA-treated roots, IAA was still localized within nuclei while slightly weaker signal was scored at the end-poles (Fig. 2C, F and G) . Additionally, BFA-induced compartments were enriched with auxin (Fig. 2G) .
The signal at the end-poles was not a continuous labeling, but was composed of closely apposed spots at which IAA colocalized with PIN1 labeled with a maize specific PIN1-antibody (Fig. 3A) . This colocalization was obvious also in BFA-treated cells when endocytic BFA-induced compartments were positive for PIN1 (Fig. 3B) , IAA, as well as recycling cell wall pectins recognized by the JIM5 antibody (Fig. 3C) . In control roots, all cell end-poles in the transition zone were enriched with auxin while nuclei were also labeled (Fig. 4A ). In the TIBA treated roots, IAA was more enriched within nuclei while strong signal was scored also in the cytoplasm and at some end-poles ( Fig. 4B and Supplemental Fig. 2 ). Exposure of root apices to external IAA resulted in increased signal in the cytoplasm when both nuclei and end-poles showed strong immunofluorVesicular Neurotransmitter-Like Auxin Transport in Roots escence (Fig. 4C) . Importantly, BFA-treated wild-type roots showed IAA-enriched BFA-induced endocytic compartments (Fig. 4D) . These compartments were smaller in TIBA and auxin pretreated roots ( Fig. 4E and F) . BFA treatment shifts PIN1 from the plasma membrane into endosomes. PIN proteins show rapid vesicle recycling. We tested maize PIN1 antibody on western blots. The maize antibody shows one specific band around 70kDA (Fig. 6 ). Immunofluorescent labelings with the maize PIN1 antibody show that after two hours TIBA (for NPA and morphactins see supplemental Fig. 5 ) and after ten minutes BFA treatment, when auxin transport is inhibited, the PIN1 protein is still almost exclusively located at the plasma membrane at the apical cell pole (Figs. 5A-D) . It is only after two hours duration of the BFA treatment that the PIN1 signal gets trapped within the BFA-induced compartments (Fig. 5E) . Moreover, TIBA pretreatment prevents this accumulation of PIN1 within the endocytic BFA-induced compartments (Fig. 5C ). Biochemical analysis using sucrose density gradients and aqueous two-phase system showed that PIN1 is strongly present at the plasma membrane after ten minutes BFA treatment. However, after two hours of BFA treatment, a shift from the PM protein fractions into endosomal protein fractions took place (Fig. 6 ). This shift can be prevented by TIBA and IAA pretreatments, both which are known to inhibit the endocytosis of PIN1 into Arabidopsis root cells. 7, 11, 12 BFA and different PAT inhibitors deplete F-actin from the end-poles. Next, we asked if the BFA-sensitive polarized secretion, based on endosomal vesicle recycling, is also related to the abundant F-actin at cell end-poles. BFA has an evident effect on these endpoles of the root apex cells when the typically abundant actin signal is weakened ( Fig. 7A and B ; see also ref. 31 ). Obviously, polarized secretion is essential to maintain the dense F-actin meshworks at end-poles. Interestingly, those tissues which accomplish PAT are also highly enriched in F-actin (Supplemental Fig. 1, see also ref. 39) .
All the PAT inhibitors tested in this study, as well as latrunculin B, depleted F-actin at root end-poles and disintegrated the F-actin cables interconnecting the opposite end-poles and laterally contacting nuclear surfaces (Fig. 7A-H) . Moreover, BFA and PAT-inhibitors induced a shift of nuclei towards the basal cell pole (Fig. 7B-G) . Latrunculin B did not show this effect but induced accumulation of G-actin within nuclei (Fig. 7H) .
In plants, similar to yeast and animal cells, F-actin assembly is promoted by molecules and membranes of the endocytic network. 32, 40 An obvious question is, whether this F-actin depletion by PAT inhibitors is due to a generally lowered recycling of vesicles resulting from inhibited endocytosis. 7, 11, 12 To answer this question, we labeled cell wall pectins recycling between the plasma membranecell wall interface and endosomes. 16, 41 Labelings after BFA-treatment showed that cell wall/endocytic pectins locate, like PIN molecules, within the BFA-induced endocytic compartments (Fig. 8) . The size of these compartments reflects the recycling rate of cell wall pectins. Our data reveal that pretreatment with latrunculin B (Fig.  8F) , as well as with all the PAT inhibitors tested, results in smaller BFA-induced compartments than those scored after BFA treatment alone (Fig. 8G, H and L-N 
A B
Actin-enriched end-poles for PAT: Lessons from maize mutants. The maize mutant semaphore1 is impaired in the negative regulation of KNOX1-genes and is characterized by reduced PAT, which is probably the reason for the pleiotropic phenotype of this mutant. 42 The root system of the mutant shows fewer lateral roots, a phenotype which is typical for a disturbed PAT. 43 Immunofluorescent labelings of root sections show that the polar cell organization of the mutant root is strongly disturbed. The actin cytoskeleton in cells of the transition zone shows changes which have strong similarity to those scored after treatments with diverse PAT inhibitors (Fig. 6) . Moreover, actin and auxin fail to accumulate at the root end-poles in those mutants which are impaired in PAT (semaphore1, rum1, rum1-lrt1) but not in the lrt 1 mutant 44 (Fig. 9) which shows normal auxin transport. 45 Exposure of semaphore1 roots to BFA revealed that mutant cells have smaller BFA-induced compartments indicating decreased vesicular recycling rates (Fig. 9J) . Moreover, while BFA-treated root cells of rum1 and lrt1-rum1 double mutant completely lacks any BFA-induced compartments ( Fig.  9T and Y) .
Similar depletion of F-actin from end-poles is also prominent in the maize mutant rum1 and the rum1-lrt1 double mutant (Fig. 9P  and U) . The rum1 mutant is deficient in the initiation of seminal and lateral roots at the primary root. 45 Autoradiographic analysis also revealed that this mutant has also strongly reduced PAT in the root and, in accordance with this, no IAA-signal is detectable at the end-poles (Fig. 9Q) . The lrt1 mutant 44 shares some phenotypically similarities with the rum1 mutant, including the missing initiation of lateral roots, has wild-type like PAT rates 46 and shows neither significant disturbances of the actin cytoskeleton nor the reduced IAA-Labelings at the end-poles (Fig. 9K and L) . The double mutant rum1-lrt1 shows a novel phenotype and has, like the rum1, a strongly reduced PAT. 45 The labelings are showing reduced F-actin and no detectable IAA at the end-poles ( Fig. 9U and V) . Importantly, PIN1 still localizes to the root end-poles of those mutants which are impaired in PAT (Fig. 9H , R and W) while auxin accumulates at the end-poles only when PAT is intact (Fig. 9B and L) , but fails to accumulate there when PAT is reduced (Fig. 9G, Q and V) .
In conclusion, after disturbances to the vesicle recycling, irrespective if induced by block to the polarized secretion by BFA or by prevention of the endocytosic via PAT inhibitors, the root cells show typical disintegration and depletion of the actin cytoskeleton at the root end-poles.
Real-time recordings of auxin uptake into wild-type and mutant root apices. In order to get information on auxin transport in living roots, we have taken advantage of the vibrating microelectrode system which allows continuous recordings of auxin fluxes in growing root apices of both maize and Arabidopsis. 15, 46 This technique revealed that polar auxin flow is the most prominent in the distal portion of the transition zone and can be fully inhibited with classical auxin transport inhibitors NPA, TIBA, but also with BFA treatment. 15 Moreover, this technique reveals that the MDR-like ABC transporter, AtPGP4, is important for auxin transport 46 in this special root apex zone. Here we show that in the maize mutants semaphore1, rum1 and rum1-lrt1, auxin influx is impaired particularly in this root region (Fig. 10) .
DISCUSSION
The classical chemiosmotic concept (Fig. 11) can not explain the rapid PAT inhibition induced by Brefeldin A (BFA) within a few min, 14, 15, 28 when putative auxin transporters are still at the plasma membrane. 12 Moreover, this popular concept ignores also vacuoles and endosomes as possible compartments participating in PAT. Published papers do not critically address these issues and the classical chemiosmotic concept has remained unchallenged. Here we have embarked on a reinvestigation of several key aspects of PAT using a new auxin antibody, Steedman's wax embedding technique and recently characterized maize mutants impaired in PAT. We have obtained four types of observations which are incompatible with the classical chemiosmotic concept of PAT and are proposing an updated version of this concept (Fig. 11) . This includes endosomes and vesicle recycling as essential parts of PAT, supporting a neurotransmitter-like secretory nature of auxin export. First of all, auxin is enriched within endosomes and at the auxin transporting end-poles of cells active in PAT, but not in cells impaired in PAT either due to PAT inhibitors or genetic lesions. Next, in maize mutants affected in PAT, PIN1 localizes abundantly to the end-poles but auxin and F-actin is depleted from the end-poles which also fail to support the formation of large BFA-induced compartments. In addition, biochemical analysis confirmed earlier cytological data that PIN1 is still at the plasma membrane after 10 minutes of BFA treatment, when auxin efflux is already strongly inhibited. 14,28 Last but not least, three classes of PAT inhibitors (TIBA, NPA, morphactins), differing chemically, all deplete F-actin from the end-poles and inhibit endocytosis/vesicle recycling.
Direct localization of IAA, using our new specific antibody, in cells of the root apex of maize failed to reveal the previously reported auxin maximum in cells of the quiescent centre and root cap statocytes, as was shown with the DR5 promoter line of Arabidopsis. 3, 19, 20, 47 This finding is not so unexpected, because other auxin reporters visualize 'auxin maximum' at other locations. For instance, the BA3 construct visualizes an 'auxin maxima' in those cells which are embarking on rapid cell elongation 22, 23, 24 (Supplemental Fig. 3 ). These conflicting observations indicate that these reporters just reflect particular signaling cascades feeding into the activation of these auxin-responsive transcription promoters. There are also several other problems associated with auxin-response reporters. 48 All this makes it more-and-more obvious that, in order to understand the nature of processes driving PAT, we need to localize auxin directly using specific antibodies. Unfortunately, those antibodies which are available and currently in use recognize auxin as well as auxin conjugates. 27 Here we are introducing a newly generated antibody which is monospecific for IAA and does not recognize IAA conjugates.
Our data show, that a prominent cell compartment in the maize root tissue, which accumulates auxin, is the nucleus. This is not surprising, particularly with regard to the auxin-responsive elements discussed above, but especially because of the nuclear auxin receptor TIR1 which is active in its auxin-bound form within nuclei, activating transcription of auxin-regulated genes. 49, 50 Besides nuclei, we have identified the actin-enriched end-poles and adjacent endosomal compartments as auxin enriched domains in maize roots. This finding has far-reaching consequences for the field of auxin research. Cellular end-poles, 51 conceptually characterized as "plant synapses", 29, 33 emerge as subcellular domains specialized for the transcellular transport of auxin along cell files. The currently popular version of the chemiosmotic theory is considering only the auxin pools which are localized within the pH neutral cytoplasm and the acidic cell wall compartment (apoplast, for recent reviews and dispatches, refs. 4, 5, 52, 53) . This assumption ignores any possible contribution of acidic endosomes for the maintenance and regulation of PAT. Our immunofluorescence data on auxin localization reveal that auxin is accumulated within endosomes, which communicate with the auxin-transporting end-poles 29, 33 and get aggregated into BFA-induced compartments. Importantly, these auxin-enriched endoVesicular Neurotransmitter-Like Auxin Transport in Roots somes may represent the elusive BFA-sensitive source of auxin from which auxin is secreted out of cells via BFA-sensitive processes. 29 Auxin accumulating endosomes may also act as putative 'auxin vacuum cleaners' 30, 54 which would effectively remove all free auxin from orifices of plasmodesmata in order to prevent their 'uncontrolled' diffusion from cell-to-cell. This function of auxin-accumulating endosomes would be particularly important during early embryogenesis, when plasmodesmata are known to allow free passage of signaling molecules, hormones and peptides, demonstrating that all embryonic cells are part of a single syncytium (symplast). 34, 35 Free and uncontrolled passage of auxin within this syncytium would be incompatible with the intricate local and polar auxin accumulations in early embryos. 3 Cells of the root apex transition zone are unique also with respect to the actin organization. They assemble F-actin enriched plasma membrane domains at the end-poles, which serve as dynamic platforms for rapid endocytosis and high rate of vesicle recycling. Those tissues, which are active in PAT, such as the stelar cells accomplishing acropetal PAT and the cells of the epidermis and outer cortex driving basipetal PAT, are enriched in F-actin 29, 30, 33, 39 (Supplemental Fig. 1) . Particularly, F-actin is prominent at the end-poles accomplishing abundant vesicle recycling. 29, 30, 33 This allows effective cell-cell communication based on synaptic processes as we know them from neuronal and immunological synapses. 29, 30, 33, 55 For instance, auxin that has been secreted into the end-pole cell wall (cross-wall) space, has been reported to elicit electric responses in the adjacent cells (reviewed in ref. 55) . All this indicates that auxin acts, in addition to its hormonal and morphogen-like properties, as a neurotransmitterlike agent. 4, 29 Other puzzling data also fall in the right place. For instance, the rapid blockage of PAT after cold exposure, 56, 57 which is also known to block endocytosis in root cells, 16 and almost immediate recovery of PAT after returning the plants to room temperature. 56, 57 For example, the finding that synaptic proteins occur in plants, like the Arabidopsis protein BIG which is present in plant and animal genomes. This protein, which has similarity to the synaptic protein CALLOSIN/ PUSHOVER driving synaptic signal transmission at neuromuscular synapses, is essential for PAT in plants 12, 58 and its action is related to endocytosis and vesicle recycling at plant end-poles acting as plant synapses. 29, 33 Another puzzling observation is also making sense now, namely that extracellular auxin inhibits endocytosis, and the activity of BIG is important for this unexpected auxin action. 12 BIG is relevant also for the endosomal BFA-sensitive secretion, because lpr1 mutant, which is allelic to BIG, is phenocopied by treatment of wild-type seedlings with BFA. 58 Obviously, the classical chemiosmotic model has difficulties to explain the rapid blockage of the auxin export out of cells after inhibition of vesicular secretion with BFA and monensin. [12] [13] [14] [15] 28 Furthermore, it can not explain rapid inhibition of PAT after cold exposure 56, 57 and with inhibitors of actin polymerization. 60, 61 Delbarre et al. (1998) 28 reported that auxin efflux from plant cells is blocked with agents affecting proton gradients and intracellular pH status. The latter authors interpreted these data only from the perspective of the classical chemiosmotic theory. However, these findings appear in a new perspective if we consider the accumulation of auxin within endosomes of root cells. Intriguingly, the activity of H + -pyrophosphatase AVP1 is involved in PAT 59 and this further supports our concept of neurotransmitter-like secretion, via secretory endosomes, as the major pathway for exporting auxin ut of plant cells. 4, 29, 33 Present data, supporting the neurotransmitter-like concept of PAT, explain why the activity of H + -pyrophosphatase AVP1 drives PAT in Arabidopsis roots. 59 Pyrophosphatases represent single-subunit H + pumps, which generate an electrochemical gradient across delimiting membranes of small vacuoles and endosomes. 62, 63 Overexpression of AVP1 stimulates PAT, while avp1-1 null mutants show a reduction of PAT. 61 Moreover, overexpression of AVP1 stimulates root growth, 61, 64 while null mutants have severely disrupted roots. 61 In addition to the vacuolar membrane, the AVP1 signal was found at punctated structures and, importantly, discontinuous sucrose Vesicular Neurotransmitter-Like Auxin Transport in Roots Figure 10 . Real-time recordings of auxin uptake into wild-type and, mutant roots. Auxin uptake (transport) shows peak in the distal part of the transition zone (1.0-1.5 mm form the root apex junction). All mutants show a highly reduced auxin influx in this particular root zone, but not in cells of the elongation region. For more information on this technique, see reference 15. gradient analysis revealed association of AVP1 with the endosomal fraction. 61 It is not easy to explain all these observations with the classical chemiosmotic concept. The Perspectives Science article, 65 commenting this paper, 59 suggested that AVP1 acidifies the putative X compartment. 65 This corresponds nicely to the auxin-enriched endosomes reported in our paper and summarized in our model (Fig. 11) .
Interestingly in this respect, VHA-a1 subunit of the vacuolar ATPase (V-ATPase) which acidifies endosomes, vacuoles and the trans-Golgi network in plant cells, localizes to the plant early endocytic compartments in root cells of Arabidopsis. 66 It will be important in the future to analyze PAT in the available V-ATPases mutants in Arabidopsis. The dwarf phenotype of the det3 mutant (c subunit) due to lack of cell elongation 67 indicates that PAT requires both PPase 59 and V-ATPase activities. Moreover, VHA-a1 subunit of the V-ATPase colocalizes with TGN SNAREs 67 and one of these (VTI1) is essential for the basipetal PAT. 68 Intriguingly, PM-based PIN1 localizes properly in the polar manner, 68 despite strongly affected PAT in the VTI1 mutant, resembling the situation reported in the present study for maize mutants affected in PAT. The acidic nature of auxin and of endosomes implies that auxin relies on the continuous activity of putative vesicular transporters in order to be enriched within endosomes. The vesicular nature of PIN2 was strongly indicated by a recent study using yeast and HeLa cells. 69 Mutation by changing Serine97 to glycine resulted only in vesicular localization of PIN2 in yeast cells which accumulated auxin. 69 Interpreting these data, it is important to keep in mind that the endosomal interior is de facto the extracellular space. So transporting auxin into the endosomal interior with PIN2 efflux protein removes it from the cytoplasm.
Taken together, there is an urgent need for an update of the classical chemiosmotic model for PAT (Fig. 11) . Besides acidic cell walls and neutral cytoplasm, acidic endosomes emerge as a new important player in the transcellular pathway of auxin transport. Importantly, regulated secretion out of cells, via secretory endosomes, would then accomplish presumably a quantal efflux of protonated auxin into the extracellular space. From there, it can either freely diffuse back to the same cell or into adjacent cells. In addition, adjacent cells could also import auxin through the activities of putative auxin transporters at the plasma membrane and/or via endocytosis of auxin molecules embedded within cell wall material like pectins and hemicelluloses. In accordance with this latter notion, it has been shown that the internalization of these cell wall molecules is particularly active at the auxin transporting end-poles. 16, 17, 32, 33, 66 The 'synaptic' nature 29, 33 of these end-poles has been strongly supported recently by showing that PIN1 localization to these sub-cellular domains is dependent on the cell-cell contacts. 8 As soon as these adhesive contacts are lost, due to a long-term absence of microtubules, PIN1 rapidly redistributed from these domains to the whole plasma membrane. 8 Future studies should focus on both endosomes and regulated vesicular recycling in order to unravel critical details of the polar transport of auxin across cellular boundaries in plant tissues. Figure 11 . Schematical comparison of the classical chemiosmotic and the updated endosomal models for the PAT. The most important difference between the models is the involvement of endosomes in both accumulation and regulated secretion of IAA out of exporting cells. Note that the endosomal interior is topologically part of the cell's exterior. This is also consistent with respect to low pH values and endosomal enrichments with cell wall pectins. 16, 17, 32, 41 
